The ecology of bat coronaviruses around the world Surveillance and identification of bat coronaviruses continues to occur around the world, most recently with the detection of SARS-like and MERS-like coronaviruses in bats in Korea, and the demonstration of genetically diverse clusters of bat coronaviruses in the Atlantic Forest Biome, Brazil 8, 14 . However, in spite of these investigations and the potential serious consequences of these high-profile pathogens, knowledge of their ecology is still limited.
For example, it is still unknown how these coronaviruses are maintained, amplified or controlled by their chiropteran hosts 15 .
Previous studies by Drexler et al. 15 identified two peaks of amplification of coronaviruses, characterised by increased virus concentration and increased detection rates, upon the formation of a colony of Myotis myotis in Germany and following parturition.
It was hypothesised that the initial peak was probably due to the formation of a colony of sufficient size and density to allow the establishment of a viral transmission cycle in susceptible bats.
The second peak, after parturition, was associated with the introduction of susceptible bats, newborn pups who had lost their perinatal protection but not yet mounted their own adaptive immunity 15 . In another attempt to better define the epidemiology of coronaviruses, Lau et al. 16 marked 511 Chinese horseshoe bats (Rhinolophus spp) from 11 sites and recaptured 113 (22%). From this study it was estimated that viral clearance occurred between two and 16 weeks after infection and suggested that coronaviruses in Chinese horseshoe bats caused an acute self-limiting infection associated with weight loss. It was also identified that the peak activity for coronaviruses was during spring, soon after hibernation, and that mating and feeding activity may have facilitated the spread of the virus within and between roosts.
Persistent or long-term infection of Australian bat coronavirus
Subsequent to these ecological studies, we identified four putative novel coronaviruses (two Alpha-and two Betacoronaviruses) in seven species of Australian bats 17, 18 . One of these species (Myotis macropus, Figure 1 ), had individuals infected with a putative novel Alphacoronavirus (detection of coronavirus RNA in faeces from bats enrolled in a mark-recapture study) over periods of up to 11 weeks, supporting the hypothesis for persistent or long-term infection as a method of maintaining coronaviruses in bats 17, 19 .
This period of infection (up to 11 weeks) was consistent with that observed by Lau et al. 16 of between two and 16 weeks.
However, whereas Lau et al. 16 suggested that SARS-Rh-BatCoV Previous studies suggested that physiological stress associated with pregnancy and lactation was a risk factor for increased seroprevalence of virus infections in bats 26, 27 . Similarly, a correlation between the detection of coronaviruses in female bats associated with maternity colonies has also been established 28, 29 . The colony used in our study had been selected for its ease of access and the high affinity of bats to the roost, providing a successful recapture rate. It was opportunistically and irregularly sampled over the previous year, with a coronavirus RNA detection prevalence of Figure 1 . A female Myotis macropus and her 2-week-old pup. This female had an implantable radio frequency identification transponder, more commonly known as a 'microchip', subcutaneously implanted on the dorsum during Week 2 of the mark-recapture study, when she was identified (by palpation of the abdomen) as being pregnant. She was recaptured on Week 4 and was again identified as being pregnant, on Week 5 she had given birth and the pup was attached. On Week 7 the pup was still attached and they were both photographed. When recaptured on Week 12 the pup was no longer attached and was assumed to have weaned, roosting separately with the other weaned pups that were observed in the colony 19 . Photograph courtesy of Steve Parish.
(a) (b) between 30% (19-45%, 95%CI) one year prior to the commencement of the mark-recapture study, and 0% (0-15%, 95%CI) three months prior. Only during the first sampling event did we identify that the majority of female adults (88%) were pregnant and that the study site should be considered a maternity colony.
In agreement with other studies 15, 28, 29 , it appears that the site had an increased prevalence of coronavirus when used as a maternity colony (during the mark-recapture study and exactly one year prior), as opposed to other times (three months prior) when no coronavirus was detected and no pregnant females were observed.
However, modelling the presence or absence of coronavirus (using logistic regression) did not show any association with the animal risk factors pregnancy or lactation status, and suggests that physiological or environmental stressors are not driving coronavirus infection in Australian bats 19 .
Alternatively, migration of bats has been shown to play a role in the maintenance of viruses; immigration allows the maintenance of an infection through newly introduced susceptible individuals 30, 31 .
However, the population of bats used in our study appeared relatively closed with the population size remaining between 72 and 101 bats and apparent high fidelity to the roost site (assumed from the high recapture rate of marked bats, 81%). It is therefore unlikely that immigration of susceptible bats was responsible for the maintenance of the Alphacoronavirus in this relatively small and closed population. Throughout a three year study, Drexler et al. 15 observed that strong and specific amplification of RNA viruses, including coronaviruses, occurred upon colony formation and following parturition. They suggested that the initial peak, upon colony formation, was due to the massing of enough susceptible bats to establish a viral transmission cycle and that the second amplification peak was associated with the introduction of a susceptible subpopulation of newborn pups losing their perinatal immunity. Interestingly, in our Australian study, we also observed two apparent peaks of infection during a three-month study of a maternal colony. Whilst bats occupied this colony irregularly throughout the year, it was upon the formation of the maternity colony that the first peak was observed, coinciding with the observations of Drexler et al.
15
. The second peak followed two months later but cannot be conclusively attributed to maternal antibody loss in the subpopulation of newborn pups as none were sampled. It is probable that our inability to sample newborn pups (in an endeavour to reduce stress on them and their mothers) reduced our ability to identify this risk factors responsible for the second peak (loss of perinatal immunity in newborn pups).
Also, whilst our study had a very successful recapture rate (82%), the overall sample size (52) was too small and likely precluded us from identifying significant associations for the detection of coronaviruses.
Our identification that individual Australian Myotis macropus were infected with a novel putative Alphacoronavirus over periods of epidemic models using the Myotis macropus mark-recapture data 17, 19 , and found that both persistently and transiently infected bats were required for maintenance of coronaviruses.
Together, these studies support the hypothesis for the existence of persistently infected bats and demonstrate an important role that these individuals play in the maintenance of coronaviruses.
In Focus
A better understanding of a viral transmission cycle is an important step towards breaking it and armed with this knowledge we may be better prepared to prevent the next global pandemic of a bat coronavirus.
